The neural basis of social cognition has been the subject of intensive research in both human and non-human primates. Exciting, provocative and yet consistent findings are emerging. A major focus of interest is the role of efferent and afferent connectivity between the amygdala and the neocortical brain regions, now believed to be critical for the processing of social and emotional perceptions. One possible component is a subcortical neural pathway, which permits rapid and preconscious processing of potentially threatening stimuli, and it leads from the retina to the superior colliculus, to the pulvinar nucleus of the thalamus and then to the amygdala. This pathway is activated by direct eye contact, one of many classes of potential threat, and may be particularly responsive to the 'whites of the eyes'. In humans, autonomic arousal evoked by this stimulus is associated with the activity in specific cortical regions concerned with processing visual information from faces. The integrated functioning of these pathways is modulated by one or more X-linked genes, yet to be identified. The emotional responsiveness of the amygdala, and its associated circuits, to social threat is also influenced by functional polymorphisms in the promoter of the serotonin transporter gene. We still do not have a clear account of how specific allelic variation, in candidate genes, increases susceptibility to developmental disorders, such as autism, or psychiatric conditions, such as anxiety or depressive illness. However, the regulation of emotional responsiveness to social cues lies at the heart of the problem, and recent research indicates that we may be nearing a deeper and more comprehensive understanding.
INTRODUCTION
Social interactions with other people are distinctively coloured by emotions, in ways that are both obvious and subtle. Neuroscientists are making rapid progress in understanding the interface between the neural processing of emotions, feelings and social cognitionthat set of rules and responses which makes for a welladjusted individual. Research on emotion processing, by both cortical and subcortical mechanisms, is illuminating our understanding of how social competence develops and how it is maintained. Emotions represent 'complex psychological and physiological states that, to a greater or lesser degree, index occurrences of value' (Dolan 2002) . Psychological and physiological states influence our behaviour by making some activities more desirable, and hence more likely to be rewarding. On the other hand, they may also render other activities less desirable and unlikely to be associated with reward, or alternatively associated with an adverse and unpleasant outcome. The range of emotions an organism experiences will reflect the complexity of its adaptive niche. Higher-order primates, in particular humans, live in a complex social world. For that reason, in them, emotional regulation is closely linked to social behaviour, and any perturbation in the ability to regulate our emotions will have adverse consequences for our social adaptation.
Unlike most psychological states, emotions are embodied and manifested in uniquely recognizable, and stereotyped, behavioural patterns of facial expression, comportment and autonomic arousal (Dolan 2002) . Most of us can 'read' other people's emotional states without effort. Our ability to respond appropriately to such states has a huge significance on our ability to successfully rear our young and to find a mate with whom to reproduce ourselves. When the ability to read another's emotional states is significantly impaired, we appear at the very least socially gauche, with difficulty responding appropriately in any social situation, a characteristic feature of autistic conditions (Schultz 2005) .
From studies of fear and anxiety, there is considerable evidence that the amygdala is a central component in the processing of threatening stimuli in human and non-human primates, as well as other animals LeDoux 2000) . Stimuli with different objective levels of threat lead to variable activation of the amygdala. During interpersonal interactions, such threat may be posed by facial expression, by tone of voice or by body posture. Fearful facial expressions are particularly potent signals of danger (Thomas et al. 2001 ). Presentation of negative facial expressions in full consciousness activates, in particular, the amygdala and produces a neurophysiological arousal response (Phan et al. 2002; Wager et al. 2003) .
Selective responsiveness by the amygdala to negative facial expressions encompasses not only fearful, but also angry faces. Adams et al. (2003) followed up the idea that the amygdala's response may not only be important for detecting threat, but also interpreting whether the threat is direct or indirect. On the other hand, meeting the direct gaze of someone looking angry is also potentially seriously threatening. Angry faces with direct gaze and fearful faces with averted gaze are recognized more quickly and accurately than either of the alternatives. Adams et al. (2003) hypothesized that the more ambiguous the stimulus, the greater the amygdala response would be. In other words, a longer period of ambiguity implies greater activation of the neural circuits recruited by the facial expression and gaze combination. They confirmed that angry faces with indirect gaze and fearful faces with direct gaze did indeed elicit greater activation in the left (but not the right) amygdala. Their observation is consistent with the evidence that the left amygdala is more consistently activated by facial stimuli that require cognitive processing (e.g. Singer et al. 2004; Das et al. 2005) . This is an important dissociation, which will be discussed in greater detail. The left amygdala is involved not only in discerning facially communicated threat, but is also activated by the cortical and subcortical circuits that process that threat, especially when gaze perception is involved. On the other hand, the right amygdala arousal may be linked to the intensity of the affective response (measured by autonomic arousal; Anderson & Sobel 2003) ; the amygdala participates in autonomic activity, such as skin conductance responses (SCRs; Critchley et al. 2002; Sah et al. 2003) . Efferent projections from the central nucleus include pathways to brainstem regions controlling motor and visceromotor responses, and hypothalamic areas that control hormonal release (Davis 1997) . Co-activation of amygdala and arousal systems is thought to enable the cortex to distinguish fear signals from other arousal responses to novel stimuli (Damasio 2000) .
FACE PROCESSING AND SOCIAL ADJUSTMENT
Critically important information can be gained about how to respond appropriately in social encounters by monitoring the expression on another's face. This provides information about the other person's emotional state and disposition. In certain circumstances, someone else's emotional expressions can evoke that same emotion in oneself-disgust, happiness and sadness are obvious examples. Haxby et al. (2000) proposed that there are dedicated systems for processing emotion expressions in other's faces, in which the amygdala and the insula play a crucial role.
The interpretation of the emotional content of a face takes into account a wide range of visual cues. These include, first, whether we know the individual or not (face recognition memory), the facial configuration (e.g. whether the mouth is wide open or shut, whether the eyes are wide open or narrowed) and, in particular, eye gaze (is this person looking at me or at something/someone else?). There are developmental trends in the ability to recognize emotions accurately, with some emotions being more readily recognized in early childhood, whereas others are not associated with adult levels of recognition until after puberty (Wade et al. 2005) . There are also developmental trends in face recognition memory, and in the capacity to interpret direction of gaze as a social cue (is this person looking at me? Campbell et al. 2005 Campbell et al. , 2006 .
FACE PROCESSING AND THE AMYGDALA
Studies from humans with congenital or acquired damage to the amygdala (Calder et al. 2001) , and from primates in which lesions have been induced (Amaral 2002) , show that this subcortical structure influences our ability to gain and to maintain socially appropriate behaviour by affecting face recognition memory, facial expression interpretation and eye-gaze monitoring. Whether its functional integrity is critical for normal social cognitive development in humans is still an open question (Amaral et al. 2003) . However, there is a growing evidence to indicate that functional deficits in the integrated system that links amygdala with other neural centres, in what has been termed the 'social brain' , may be associated with autistic symptomatology. Schultz (2005) has argued that an abnormality early in the development in the amygdala can give rise to later social perceptual deficits in face identity and facial expression perception. Because the visual cortices that are involved in face perception are also involved in representing semantic knowledge about people, aberrations in face perception may not only affect social perception, but also create deficits in the social knowledge system, with impaired social skills. Modulation of amygdala activity by reciprocal connections from anterior cingulate/medial prefrontal regions may affect our evaluation of fear-related signals (Davis & Whalen 2001) . Das et al. (2005) argue that there is a dynamic interplay between the anterior cingulate cortex (ACC) and thalamo-amygdala pathways, and that a breakdown in their functional differentiation could lead to neuropsychiatric disorders, including paranoid schizophrenia and post-traumatic stress syndrome.
EYE CONTACT, AMYGDALA AROUSAL AND FEAR PERCEPTION
Fearful faces are often considered to be processed automatically and independent of attention (Vuilleumier et al. , 2002 Williams et al. 2005b ) and awareness (Anderson & Sobel 2003; Pasley et al. 2004) . Note, contrary evidence has been reported (e.g. Pessoa et al. 2002) . Functional MRI studies that record the amygdala blood oxygen level dependent (BOLD) response to the presentation of facial expressions find a greater activation when we perceive fear compared with other emotional faces (Morris et al. 1998a) . If the amygdala is bilaterally ablated, or degenerates, the perception of fear is selectively impaired (Adolphs et al. 1999 ). We do not fully understand why this is so, but recent evidence suggests that the amygdala responds specifically to eye contact in adults, and that it is maximally activated by exaggerated wide-open eyes, such as are associated with a fearful expression (Morris et al. 2002) . This response occurs because direct gaze can be threatening (Nahm 1997) . A simple stare is often the most effective stimulus in evoking a fight or flight response in non-human primates (Emery 2000) , and in humans too in certain social situations-especially between males.
Which cortical circuits modulate, and are modulated by, amygdala activity that is evoked by eye contact? The amygdala is an essential and central component of a threat-detection system. It has extensive neocortical and subcortical connections that are crucial for the automatic non-conscious responses to a threatening stimulus (e.g. fight and flight). Appropriate social responses require complex cortical processing of potential threatening stimuli (Davidson et al. 2000; Hariri et al. 2000 Hariri et al. , 2003 Phan et al. 2002) . How we respond to direct eye contact is critically dependent upon the social context in which it occurs. We must evaluate the stimulus, by means of complex neocortical connections.
In humans, a crucial component of the modulating circuitry is the recruitment of language centres, and the conscious processing of a 'feeling' (or visceral) response, which is important especially in social interactions with strangers (Kim et al. 2004) . As adults, we find it harder to maintain eye contact with a stranger than with a familiar individual. There is an additional level of complexity, depending on the relative sex of the people concerned. While there are limits to the modulating ability of these higher cortical circuits, humans are in general able to tolerate direct eye contact for longer than other primates (Kleinke 1986 ). Eye contact evokes amygdala activation, in tandem with conscious (explicit) and non-conscious (implicit) neural mechanisms. Processing of direct eye contact necessitates the appropriate functioning of these pathways, which is essential for the development and maintenance of social cognitive skills.
SUBCORTICAL PROCESSING OF THREATENING STIMULI
Implicit processing of visual stimuli that could constitute a threat, including fearful expressions and other fear-evoking stimuli, is hypothesized to engage subcortical visual pathways that are routed directly to the amygdala, without passing through the visual cortex first (Morris 1998a (Morris ,b, 2001 . Consequently, threatening visual percepts can evoke a very rapid physiological response-before the neocortex has had time to consider the information and decide on an appropriate course of action (Morris et al. 2001) . Normally, the main visual perception pathway to the amygdala brings information that has been processed by early visual cortical areas (e.g. V1, V4; Stefanacci & Amaral 2002) , and it provides a hierarchically processed and detailed representation of objects. However, responses elicited by the activation of this pathway are at least 100-200 ms after stimulus presentation. If the object is threatening, it has been argued that this response time is too lengthy for an appropriate adaptive reaction. Some amygdala neurons in non-human primates have response latencies to particular classes of visual threat (e.g. snakes) that are as short as 60 ms. Because these latencies are too rapid to be compatible with prior cortical processing, there must be an alternative visual route to the amygdala. This could convey crude, but critical, visual material to the 'threat-detection system' and evoke very rapid reactions (Nakamura et al. 2000) .
One proposed course of the subcortical visual pathway leads from the retina to the superior colliculus (a phylogenetically ancient visual processing module), to the pulvinar nuclei of the thalamus and then to the amygdala (Morris et al. 1999 (Morris et al. , 2001 ; figure 1). Evidence that this pathway does exist comes from a variety of sources. In non-human primates, there is anatomical evidence (Stepniewska et al. 2000) . In humans, supporting evidence has come from the study of patients with 'blindsight', meaning that a lesion in primary visual (striate) cortex (V1), or in the connections between the lateral geniculate nucleus and V1, has prevented the conscious perception of visual material. Humans with blindsight claim that they can see nothing at all in their blind visual field or hemi-field, yet certain classes of stimulus do evoke neural responses. Blindsight implies the existence of alternative pathways, including the superior colliculus pathway that runs via the pulvinar (in thalamus) to V5 (the visual motion area at the temporal-parietaloccipital junction) with feedback to V4 (lingual and fusiform gyri of the inferior temporal cortex, a region activated by facial cues).
Because blindsight patients may have amygdala activation to emotionally salient stimuli (e.g. fearful faces) that are presented to their 'blind' visual cortices, Morris et al. (2001) concluded that some processing must be going on subcortically by the alternative visual pathway. On the other hand, for a variety of reasons (summarized by Pasley et al. 2004) , this inference was not indisputable, owing to the evidence that there are links between the superior colliculus and inferior temporal regions of the cortex. Pasley et al. (2004) decided to measure the ability of the amygdala to discriminate complex emotionally salient objects in isolation from the inferior temporal neural representation of those objects. They aimed to show that highly processed information from the inferior temporal region is not required to support visual discrimination of certain emotionally salient cues in the amygdala. Previous studies aimed at isolating subcortical visual processing have not managed to avoid getting some target-related neural activity in the inferior temporal region (Whalen et al. 1998; Morris et al. 2001) . Pasley et al. (2004) used the 'binocular rivalry' technique in which each eye is presented with a different, incompatible image. The observer does not fuse such images, but suppresses one and experiences alternating perceptual dominance-the suppressed image is not consciously perceived. It appears from both monkey neurophysiology (Sheinberg & Logothetis 1997) and human MRI studies (Cohen & Tong 2001 ) that suppressed visual information does not reach inferior temporal cortex. They presented subjects with images that were either fearful faces (and hence potentially of Genetic influences on social cognition D. Skuse 2131 interest to the amygdala threat-detection system) or chairs (of no interest to the amygdala, being emotionally neutral), in conditions of complete perceptual suppression. If the subcortical circuit did detect threats, beyond conscious awareness, there should be differential neural activity in the suppressed image conditions, with increased neural activity-especially in the amygdalato fearful faces rather than to chairs.
This prediction was supported, with increased activity in the left amygdala to suppressed fearful faces, but no increased signal for images of chairs. There was no increase in inferior temporal lobe activation in response to suppressed faces or chairs, suggesting that this cortical site could not be influencing differential amygdala responsiveness. Pasley et al. (2004) confirmed earlier reports of significant correlations between the subcortical visual structures, which represent way stations in the pathway, including the left amygdala, the left superior colliculus and the left dorsal-posterior-lateral region of the thalamus. This set of activations is consistent with the 'low-road' to amygdala activation hypothesis of LeDoux (2000) . Further evidence in support of the 'subcortical threatdetection system' is provided by Hamm et al. (2003) , who discuss a patient with total cortical blindness. He could be conditioned to a visually presented stimulus (a line drawing of an aeroplane) in a fear-conditioning paradigm, in which the unconditioned stimulus was an aversive electric shock. The key finding was that startle responses (eyeblink) were enhanced when elicited in the presence of the conditioned visual stimulus. The presented stimulus was not biologically meaningful and the authors (Hamm et al. 2003) suggest that using more biologically relevant (threat) cues, like pictures of snakes or fearful faces, might increase the stimulus specificity of the subcortical threat detection system, although no such study has yet been published.
The subcortical pathway linking superior colliculus, putamen and amygdala can only respond to lowresolution displays (Vuilleumier et al. 2003) . High spatial frequencies are necessary to identify facial features and some facial emotions. On the other hand, low spatial frequencies are sufficient to get the gist (gestalt) of a facial perception (Schyns & Oliva 1999) . The superior colliculus is thought to have a phylogenetically ancient ability to process simple forms within a narrow range of low spatial frequencies (Emery 2000; Lomber 2002 ). Nevertheless, if the amygdala can be activated by this visual circuit (as in the Pasley et al. (2004) experiment) , what information about the 'threatening' face is passed to the amygdala from the superior colliculus? Morris et al. (2002) proposed that the key percept was 'fearful eyes' (figure 1). Using an ingenious fMRI-based investigation, they found that wide-open eyes alone are sufficient to evoke increased neural responses in this There is a positive functional coupling between the amygdala, the rostral anterior cingulate cortex (ACC) and the ventromedial prefontal cortex, and inhibitory feedback from the caudal ACC. The pathway marked in dashed line is a putative link, which could confound studies of nonconscious response to threat that focus on amygdala-mediated neural activity.
non-conscious circuit (Morris et al. 1999) . The existence of a subcortical circuit that supported a primitive representation of high-contrast elements, relating to the location of the eyes and the mouth, had been predicted by Morton & Johnson (1991) . Therefore, there is accumulating evidence that the amygdala is not only generally responsive to certain facial expressions, but that the eye region of the face is a critical source of information about the potential threat posed by another person (Morris et al. 2002) .
In bilateral lesions of the amygdala, failure to address the information contributed by the eyes in a test of facial expression recognition renders it very difficult for a subject to identify accurately the associated facial expression of fear (Adolphs et al. 2005) . It is worth remarking that the facial expression of surprise is also marked by wide-open eyes, and this is the very expression that is most commonly confused with fear in experiments in which subjects are presented with static facial expressions. The key difference between the two is in the mouth; this implies that making that emotion differentiation could require rather longer cortical processing time than, say, differentiating sadness from happiness. There are data to show that the amygdala is particularly responsive to the 'wide-eyed' expressions of both fear and surprise, and it seems a reasonable hypothesis that what the amygdala is responding to is the relative proportions of sclera to iris in the observed face. Whalen et al. (2004) tested this hypothesis by measuring whether the larger the size of 'fearful' sclera, the greater the response of the amygdala, irrespective of any other visual information. They modified standardized fearful and happy face stimuli by removing all the information from the face, with the exception of the whites of the eyes. Images were presented in a backward masking paradigm, in which the larger 'wide' eyes such as are found in association with fear and surprise alternated with the smaller eye whites that are associated with happy expressions. The signal intensity within the ventral amygdala was greater to fearful than to happy eye whites, even though all subjects reported being unaware of the presence of the masked stimuli. The authors conclude that responsiveness of the amygdala appears to be driven by the size of the white scleral field (not by the outline of the eyes), which is consistent with the hypothesis discussed previously that the amygdala is more responsive to low spatial frequency stimuli (Vuilleumier et al. 2003) .
6. AMYGDALA-CORTICAL FUNCTIONAL CONNECTIVITY AND PARANOIA Threatening or traumatic stimuli are probably processed in parallel by two distinct neural systems (Bechara et al. 1995; LeDoux 2000) . The subjective experience of fear relies upon amygdala-medial frontal activity (as well as autonomic arousal). Setting threats into context depends upon hippocampal-lateral frontal activity. In order to confirm this differentiation, Williams et al. (2001) studied healthy individuals by means of functional magnetic resonance imaging (fMRI) and simultaneous SCR measures of phasic arousal (disentangling overlapping SCRs in a short interstimulus interval paradigm), while they viewed fearful and neutral faces. The fMRI activity was subaveraged according to whether or not there was an arousal SCR to each discrete face stimulus (fearful faces would evoke arousal). The fMRI responses to fearful faces associated with arousal were differentiated from those without associated arousal. This contrast differentiated left amygdala and hippocampal networks. Amygdala-medial frontal activity was observed only in association with stimuli that evoked SCRs, whereas right hippocampus-lateral frontal activity occurred only in the absence of SCRs. The authors concluded that amygdala and hippocampal networks differentiated visceral experience from declarative fact processing of fear-inducing stimuli.
Both tonic and phasic autonomic arousal abnormalities have been observed in association with schizophrenia (Kring & Neale 1996; Salem et al. 1996) . The salience of fearful faces to the symptoms experienced by paranoid schizophrenics has also been a subject of some interesting investigations (Phillips et al. 1999; Williams et al. 2004a-c) . Normally, amygdala and correlated medial prefrontal activity is associated with the subjective appraisal of threat and autonomic arousal, as measured by SCR. In contrast, the system for setting emotionally significant events in context is normally linked to hippocampal-lateral prefrontal activity, not associated consistently with SCR. Williams et al. (2004a) studied paranoid schizophrenic patients. Using fearful faces as the arousing stimuli, they found emotion recognition accuracy was impaired, coupled with significantly greater SCR than comparisons to both fearful and neutral facial expressions. Patients lacked integrated activity in amygdala and prefrontal circuits. The authors speculate that a lack of feedback from the medial prefrontal region, which does not respond to threat in the usual way in paranoid schizophrenia, leads to a perseveration and exacerbation of arousal (SCR) responses. Cognitive theories of persecutory delusions in schizophrenia include increased attention to threat and impaired decisionmaking in the interpretation of potential threats. Phillips et al. (2000) studied visual scan paths in schizophrenic patients with persecutory delusions, using black-and-white photographs of social scenes rated as depicting either neutral, ambiguous or overtly threatening activity. As anticipated, the schizophrenic patients did perceive potential threats in inappropriate places. However, to date there has not been a specific study of perceived threat in paranoid individuals as manifested by their response to direct social gaze.
AMYGDALA AND GAZE MONITORING
The ability to follow and respond to the direction of gaze of a conspecific is a crucial skill in humans, shared with some, but not all, primate species (Perrett et al. 1985; Jellema et al. 2000) . Our ability to meet and to follow another's gaze is present during early infancy and is associated with a growing appreciation of salient events in a socially structured world (Allison et al. 2000) . The perception of direct gaze from a face that is neither threatening nor fearful also elicits an amygdala response in humans (Kawashima et al. 1999 ).
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In monkeys too, there are cells in the amygdala that respond selectively to eye gaze (Sato & Nakamura 2001) . Neural interactions between the amygdala and the neocortical regions that are engaged by visual stimuli of faces are enhanced if those faces have direct gaze orientations (George et al. 2001) . Kobayashi & Kohshima (2001) pointed out that human eyes have a widely exposed white sclera surrounding the darker coloured iris, making it easy to discern the direction in which they are looking. They compared the external morphology of primate eyes in nearly half of all primate species, and showed that this feature is uniquely human. Humans have the largest ratio of exposed sclera in the eye outline, which itself is elongated horizontally. They suggested that these are adaptations to extend the visual field by allowing greater eye movement, especially in the horizontal direction, and to enhance the ease of detecting the gaze direction of another individual.
There are two components to the developed skill of eye-gaze monitoring, which we have termed 'allocentric' and 'egocentric' (Elgar et al. 2002) . In allocentric gaze monitoring, the directional aspect of perceiving and processing gaze becomes recruited for the purpose of following the intentional gaze of another, and it is thus critical for the development of joint attention (Slaughter & McConnell 2003) . Allocentric gaze means paying attention to the salience and significance of events extrinsic to the viewer; to things happening 'out there'. It enables the viewer to engage effectively with external and potentially distant events, orienting the observer to the appropriate location, and it uses extrinsic spatial coordinates. Its development normally occurs during the first few years of post-natal life, and we become increasingly accurate at determining where someone else is looking with experience (Langton et al. 2000) .
Allocentric gaze skill can be contrasted with egocentric or direct engagement of gaze with the onlooker (Elgar et al. 2002) . In contrast to the relatively slow development of allocentric gaze sensitivity, infants show egocentric gaze sensitivity from birth (Farroni et al. 2002) . The young infant responds actively to being looked at, exhibiting a range of teasing and smiling behaviours of increasing complexity, suggesting an early developing ability to engage with conspecifics by facial acts involving direct gaze with the interactant. This interest in the gaze of others upon herself is accompanied by increasing precision in the child's ability to detect when she is being looked at . The main function of egocentric gaze relates primarily to the viewpoint of the perceiver and the onlooker, rather than to the spatial relations of the extrinsic world. Its goal is to engage the viewer and to control interaction.
Neural circuitry that involves the amygdala, the orbito-frontal cortices and the superior temporal sulcus constitutes a probable basis for the development of gaze monitoring, which is critically involved in the perceptual processing of a range of social behaviours (Brothers 1990 ). This network is preferentially activated when viewing faces and especially eye regions (Allison et al. 2000; Calder et al. 2002) . Individuals with bilateral disruption to amygdala-related circuits typically have impairments of gaze monitoring (Adolphs et al. 2005) . Failure of a social partner to make a direct eye contact, when in dyadic communication, has profound consequences for our interpretation of their mental health or trustworthiness. The importance that different cultures place on the appropriate role of eye contact in social interactions (Kleinke 1986 ) does not detract from that conclusionrather, it emphasizes its validity.
AMYGDALA AND FEAR CONDITIONING
The amygdala plays a critical role in fear conditioning, which is a variant of Pavlovian classical conditioning (LeDoux 2000) . The conditioned stimulus in a fearconditioning experiment with humans might involve a loud noise (the unconditioned stimulus), a negative facial expression (the conditioned stimulus) and an autonomic response, such as an increased skin conductance (the conditioned response). Conditioned fear learning occurs very quickly in normal people, and it can result in persistent associations. On the other hand, repeated exposure to the conditioned stimulus in the absence of the unconditioned stimulus usually leads to 'extinction', and the conditioned response 'habituates' and diminishes in magnitude. Bechara et al. (1995) discuss a patient with ablation of the amygdala bilaterally, who had a complete blockage of conditioned SCRs, despite retaining conscious awareness of the stimulus contingencies. They contrast him with another with bilateral hippocampal damage, who had retained aversive skin conductance conditioning, but who had no such declarative memory for the contingencies.
FUNCTIONAL DISSOCIATION BETWEEN ROLES OF LEFT AND RIGHT AMYGDALA
Left and right amygdala play distinct, but complementary, roles in the somatic and cognitive responses to facial expressions. Damage to the left amygdala leaves autonomic responses intact, but this is associated with a severe cognitive deficit (Glascher & Adolphs 2003 ; figure 1 ). Damage to the right amygdala can lead to autonomic arousal impairment, with a modest influence on cognitive evaluation. It is plausible that cognitive appraisal of negative facial expressions by the left amygdala is enhanced by concomitant somatic arousal, as measured by SCR (Glascher & Adolphs 2003; Williams et al. 2005a) . The right amygdala serves to facilitate the cognitively mediated recognition of negative emotions by the left amygdala (Morris et al. 1997; Phillips et al. 1998; Dubois et al. 1999; Lane et al. 1999) . All studies of the functional consequences for humans of bilateral or unilateral amygdala damage have inevitably involved damage to the associated temporal lobes as well as neural fibres that pass through the amygdala. Even in relatively circumscribed degeneration of the amygdala in the rare case of Urbach-Wiethe disease (Siebert et al. 2003) , there is calcification of surrounding and more posterior temporal lobe. This contrasts with studies of induced and focussed lesions in primates, particularly the meticulous work of Amaral and colleagues (e.g. Amaral et al. 2003) . Therefore, it is not possible to state with certainty the relative roles of the amygdala and the overlying cortex in regulating social behaviour, in humans.
Summarizing data from lesion studies, we are, however, led to the conclusion that the right amygdala is generally responsive to arousing stimuli (e.g. facial expressions) independent of their valence (Williams et al. 2004c) . Left and right amygdala may work in concert, to produce an orchestrated behavioural response to threat, which guides cognition and behaviour (Hariri et al. 2003 ). An intact (right amygdala mediated) autonomic response enhances cognitive evaluation, but it is neither sufficient nor necessary for an accurate appraisal of a threatening stimulus. Preserved cognitive evaluation requires efferent and afferent connectivity between the left amygdala and the cortical regions associated with face processing, such as the fusiform gyrus (Kanwisher 2000; Kanwisher & Moscovitch 2000) . While a dissociation between the cognitive and the autonomic processing of threatening stimuli by the amygdala has been hinted at in a previous literature, the interpretation of findings has been complicated by the fact that all subjects have had extensive damage to the amygdala, usually as a result of surgery for intractable epilepsy, which often impacts on other medial temporal structures such as the hippocampus. These regions are also reported as responsive to negative facial emotions (Surguladze et al. 2003) . Until recently , there were no reports of intact autonomic responses to facial expressions of fear, in the absence of accurate cognitive evaluation, other than in instances of physical damage to the amygdala.
X-LINKED GENES AND THE MODULATION OF AMYGDALA ACTIVATION
The autonomic and cognitive functions of the amygdala have been shown to be dissociated in X-monosomic females, in whom brain structure is essentially normal. Specific deficits in the cognitive appraisal of threat can have functional origins, as well as being related to structural damage to the amygdala . These functional mechanisms may reflect an abnormality of dosage regulation in genes that escape X-inactivation and are required in two copies for normal female neural development ( Jacobs et al. 1997; Clement-Jones et al. 2000; Carrel & Willard 2005) . Gene dosage is haploinsufficient in females, who only have a single X-chromosome (Turner syndrome, 45, X). In X-monosomy, the form and severity of deficits in the cognitive appraisal of facial expressions and social emotions are virtually identical to those seen in patients who have had a bilateral amygdalectomy (Adolphs et al. 1994; Calder et al. 1996; Broks et al. 1998; Lawrence et al. 2003) . Difficulties are found in the recognition of negative facial emotions, primarily in the recognition of fear (Sato et al. 2002; Hariri et al. 2003) , but also in their recognition of anger (Adams et al. 2003) . Turner syndrome females have difficulty in recognizing complex emotions and linking complex emotional expressions to emotional labels . This deficit implicates an abnormality of the functions of the left amygdala in particular; this circuit is linked to the cognitive appraisal of potentially threatening stimuli as discussed earlier (Killgore et al. 2000; Williams et al. 2005a,b) , although it cannot mediate entirely normal responses in the absence of the right amygdala, which enhances cognitive performance by inducing arousal signalled by the threatening stimulus (Glascher & Adolphs 2003) . The subjective experience of fear must be linked to the functional integration of the arousal response with cognitive appraisal; therefore, it is very interesting to discover that in X-monosomy, the consciously perceived visceral response to threat is much reduced (Good et al. 2003) . This implies that there is a functional dissociation in the syndrome between the correlates, at a cortical level, of left and right amygdala-related activities.
Lateralization of amygdala activation could reflect verbal and non-verbal hemispheric asymmetries, typically ascribed to higher cortical functions in humans . Left lateralized amygdala responses have been previously reported to explicit (i.e. unmasked) presentations of fearful faces (Breiter et al. 1996; Morris et al. 1996; Thomas et al. 2001; Wright et al. 2001; Vuilleumier et al. 2002) . Others have found evidence, from lesion studies, that right amygdala ablation is associated with a deficit in the recognition of fearful faces , or with a more general deficit in attributing emotional intensity ratings accurately .
We examined the integrity of amygdala-related functions in Turner syndrome by means of a behavioural study of fear conditioning, in which angry faces were used as the conditioned stimulus. Patients with bilateral amygdala lesions have impaired autonomic responsiveness in a fear-conditioning paradigm (Bechara et al. 1995) . We used an aversive loud sound as the unconditioned stimulus (Morris & Dolan 2004) and measured SCRs. Despite their very poor performance on the cognitive task requiring the accurate identification of negative facial expressions, females with Turner syndrome showed normal acquisition of fear conditioning, indicating that in this respect they had normal amygdala function (LeDoux 2000) . There is evidence from this experiment that amygdala-related cognitive performance could be impaired, in the presence of intact autonomic responsiveness to a threatening stimulus. Previous work (Glascher & Adolphs 2003; Hariri et al. 2003) had shown the converse; cognitive performance can be intact, in the presence of an amygdala lesion, despite the absence of normal autonomic responsiveness to threat.
We tested the dissociation hypothesis in a study of 12 X-monosomic (maternal origin) and 12 control females who participated in fMRI, during which simultaneous skin conductance recordings were acquired . Faces depicting fear or neutral emotions were presented to both case and control subjects, in random order. Arousal to the contrast (fearful-neutral) faces was associated with transiently increased SCRs and bilateral amygdala activation in both groups. However, X-monosomic females had a proportionately greater and more persistent right amygdala activation than controls and arousal (SCR) was intact, in both Turner syndrome and normal 46,XX females. The fact that Genetic influences on social cognition D. Skuse 2135 arousal-related functions of the right amygdala were intact was consistent with the preliminary behavioural studies we had conducted, using a fear-conditioning paradigm. In the comparison group, the greater the SCR, the better the performance on the cognitive task, supporting the hypothesis that in normal individuals there is functional integration between amygdalamediated autonomic responses and cognitive evaluation of a threatening stimulus. Neocortical sensory processing of emotionally salient stimuli (e.g. in left inferior temporal neocortex) seems to be enhanced by the autonomic feedback emanating ultimately from the activity of the right amygdala (Williams et al. 2004b) .
We found that there was a severe deficit in recognizing fearful facial expressions in about onethird of the X-monosomic sample. Evaluation of the aetiology of this deficit indicated that it originated in a lack of coordination between activity in the left amygdala and activation of the left fusiform cortex. Activation of the left (but not the right) fusiform gyrus was positively correlated with explicit cognitive performance on the task in both groups. This is consistent with the previous research indicating that cognitive appraisal of threat is left-biased. However, in X-monosomy, the magnitude of that left fusiform response was diminished, whereas left amygdala responsiveness to the stimulus, measured simply as a subtraction (BOLD response, fearful-neutral faces), did not differentiate the groups. A psychophysiological interaction analysis confirmed this lack of coordinated activity in the left amygdala/left fusiform gyrus of the 45,X females. This implied that the core deficit included a functional dissociation between activity in the left amygdala and the left fusiform gyrus (figure 1).
In summary, the left fusiform cortex receives prominent feedback projections from the amygdala (Amaral 1992) , and these are associated with cognitive processing of (negative) emotional stimuli (Morris et al. 1998a) . Threatening visual stimuli co-activate the left amygdala and the fusiform gyrus; therefore, it is activated more by fearful than by neutral faces (Lane et al. 1999; Vuilleumier & Schwartz 2001; Hadjikhani & de Gelder 2003) . In broader terms, there is a suggestion that failure of integrated functional connectivity between these regions is associated with failure to recognize accurately the broader classes of negative/ aversive emotional stimuli, such as emotionally salient oddball words (Strange et al. 2000; Anderson & Phelps 2001) .
Taken together, these findings show that in the condition of X-monosomy, there are several deficits associated with the impaired cognitive response to the presentation of a fearful face (i.e. the inability to classify accurately the emotion). First, there is an absence of a significant correlation between cognitive performance and activation of either amygdala. Second, activation of the left amygdala is functionally dissociated from that of the left fusiform activation. Third, autonomic arousal (reflecting right amygdala activation) is present, but it is dissociated from left fusiform responsiveness.
Specific deficits in the cognitive appraisal of threat can have functional origins, as well as being related to structural damage. In this investigation, we showed that those functional origins appear to be related to dosage-regulation problems in a certain class of X-linked genes that escape X-inactivation and are required in two copies for normal female neural development (Skuse 2005) . There may be additional modifying effects of insufficient sex steroid exposure, but these are currently speculative. Accordingly, we provide the first evidence that the binding of somatic (bodily arousal) responses to cognitive appraisal of emotional stimuli (Damasio 2000) has a genetic substrate. Our earlier research (Good et al. 2003) indicates that the genetic mechanism responsible is associated with one or more X-linked genes lying in a 5 Mb region on the short arm of the X-chromosome at Xp11.3-4. The candidate gene that is responsible for the normal association between left amygdala and cortical responsiveness to fearful faces has yet to be identified. There are likely to be several genetic mechanisms regulating these pathways, and recent evidence suggests that emotional responsiveness to fearful faces could also be influenced by the serotonin transporter gene on chromosome17q11-12 and allelic variants in the promoter region of that gene. These, in turn, may influence susceptibility disorders of emotion, such as depression and anxiety.
GENETIC INFLUENCES ON AMYGDALA FUNCTION AND SUSCEPTIBILITY TO PSYCHIATRIC DISORDER
Affective disorders, such as generalized anxiety and depression, exhibit considerable variability between individuals (Davidson 2002) . The genetic substrates underlying these individual differences are for the large part unknown, but in the past few years attention has been drawn to the serotonin transporter gene (5-HTT). Common variants in the promoter region of the gene have been associated with susceptibility to pathological anxiety and depression, and influence the effectiveness of selective serotonin reuptake inhibitors (SSRIs) in treating these conditions (Nemeroff & Owens 2003) . Two alleles have attracted particular attention: the short (s) and the long (l) versions of a particular variable repeat sequence in the promoter of the gene. In general, possession of at least one copy of the short variant is associated with increased risk of depression and poorer response to SSRI treatment; the short allele is associated with reduced serotonin availability compared with the long allele (Hamann 2005) . The physiological influence of these variants is likely to be in the prefrontal cortex and amygdala. Hariri et al. (2002) showed that normal individuals with one or two copies of the short allele of the 5-HTT promoter polymorphism had greater right amygdala neuronal activity, measured by the BOLD response, to faces showing threatening expressions (anger/fear) than those who were homozygous for the long version of the allele. Right posterior fusiform gyrus also showed a greater activity when presented with the threatening stimuli, in individuals with an 's' than individuals who were homozygous for an 'l' allele. The findings of this investigation were subsequently replicated (Heinz et al. 2005) and are consistent with the hypothesis that feedback from the amygdala to the fusiform gyrus improves recognition, and refines behavioural responses, to aversive/threatening cues such as faces showing negative emotions (Armony et al. 1998;  figure 1) .
Individuals with an 's' allele in the promoter of the 5-HTT gene therefore appear to have a hyperresponsive amygdala to threat. This observation was followed up in a subsequent study by the same group (Pezawas et al. 2005) . This latter investigation studied healthy individuals again, this time with a view to studying potential mechanisms by which carriers of an 's' allele of the 5-HTT promoter region (5-HTTLPR) polymorphism could be more prone to depression. There is considerable evidence to show that serotonin is an important modulator of emotion, and that depressed patients have abnormalities in their regulation of serotonin-related neural circuitry. Their subjects were free from any significant psychiatric history (both a strength and a weakness of the study, which sought clinical relevance). Those who were 's' carriers had substantially reduced grey matter in the perigenual cingulate (pACC)-maximally in the rostral region, to a lesser extent in the caudal region-and in the amygdala (maximal on right). It is notable that reduced activity of the rostral ACC has been reported in both depression and induced sadness, and that this reduction can be reversed by SSRIs. The pACC has the greatest density of 5-HTT terminals within the human cortex, and it is a major target for projections from the amygdala with an excitatory circuit leading to the rostral ACC, which is in turn linked to the caudal region of the ACC, and weakly to the ventromedial prefrontal cortex. From the caudal ACC, inhibitory projections return to the amygdala (figure 1). In fMRI studies, homozygotes for the 'l' allele showed strong functional interactions between ventromedial prefrontal cortex, perigenual anterior cingulate and amygdala. This circuit was involved in extinguishing negative affect evoked by threat stimuli. However, the coupling was much diminished in people with at least one 's' allele, implying that they were likely to become disproportionately aroused in response to threats. Scores on a self-rated scale of temperamental anxiety correlated well with the magnitude of cingulateamygdala interaction; nearly 30% of the variance in harm avoidance scores on a standardized personality questionnaire were predicted by the measure of amygdala-p(rostral)ACC functional connectivity. Pezawas et al. (2005) speculate that there may be a compensatory overactivity in the ventromedial prefrontal cortex in 's' carriers. This is an ingenious proposal, which links developmental differences in 5-HTdependent neuronal pathways to impaired interactions in a regulatory network mediating emotional reactivity. Genetically driven variability in 5-HT signalling therefore shapes the connectivity of the amygdala with the rostral anterior cingulate cortex, and in 's' carriers, it is associated with persistent and inappropriate overactivity in response to threat, which in turn leads to the symptoms of anxiety and depression. The circuit could be responsive, in this way, to life events. Inadequate regulation of amygdala arousal, aggregated over lifetime experiences, will eventually result in different susceptibilities to depression/anxiety depending on the intensity and negative quality of those experiences (Hariri et al. 2005) .
CONCLUSIONS
The amygdala lies at the confluence of widely distributed neural circuits that constitute components of the network known as the 'social brain' (Adolphs 2001) . Deficits in the development of this network during childhood can lead to conditions, such as autistic spectrum disorders, in which social-cognitive competence is seriously compromised. Anomalies in the functioning of these circuits in adulthood can lead, on the one hand, to anxiety or depressive disorders and, on the other hand, to paranoid symptoms. It is probable that the functional integrity of the networks that constitute the social brain is critically linked to interindividual genetic variation, but that the relationship is likely to be complex. Individual genetic influences on the functioning of the social brain, in the sense of the impact on susceptibility due to any single gene, are likely to be small. To date, it has not been shown conclusively that the genes which influence normal variation in responsiveness of the neural circuits to socially salient stimuli (e.g. fearful faces) are also responsible for dysregulation and a susceptibility to psychiatric disorder. Progress is nevertheless being made. Recent work has implicated vulnerability due to allelic variants in the promoter of the serotonin transporter gene in environmentally induced anxiety and depression, although this finding requires replication in different samples, both clinical and non-clinical. There is growing evidence that X-linked genetic mechanisms may also have a role to play in the functional integrity of the social brain, although no candidate genes have yet been identified. Nevertheless, the mechanisms by which X-linked genes could influence the development of social and emotional responsiveness are increasingly well understood (Carrel & Willard 2005; Skuse 2005 ) and rapid progress is likely to be made.
The regulation of emotional reactivity to social cues may occur by means of both cortical and subcortical pathways. Subcortical, non-conscious pathways are thought to have evolved as a rapid response system, sensitive to low-resolution representations of threatening stimuli. Afferent tracts leading to the amygdala via this route pass through the superior colliculus and the putamen, carrying poorly specified but rapidly conveyed visual information. Interestingly, such threats include-in a social context-direct eye contact. Recent evidence implies that the circuit is susceptible to alerting when the eyes are wide open and showing a high scleral-iris ratio. Such eye displays are likely to be clearly differentiated even by a crude system that cannot process detailed information on context. Complementary efferent connectivity passing from the amygdala to primary striate visual processing centres (e.g. V4) may alert the visual system to any potential threat, and facilitate the extraction of more detailed information from high-resolution perceptions. When this further information is available, the potential social threat can be set in into context, in light of previous experience (e.g. do I know this person? Are they liable to attack me? Do they find me attractive?).
Because a critical 'threat stimulus' is direct eye contact with a conspecific, this is handled in a unique way by the human neocortex. The arousal that is associated with face-to-face contact of this type, in which the eyes clearly show we are the centre of another's attention, appears to be harnessed in human species for a variety of purposes. Although, phylogenetically, it appears that the appropriate course of action faced with such attention was 'fight or flight', and this is still the case with primate species, humans have adapted the system for purposes that are arguably, in the appropriate context, critical to the survival of our species for other reasons. These include the attachment between parent and infant, and pairbonding between adults.
In order to achieve this relatively recent (in evolutionary terms) adaptation of a phylogenetically ancient neural system, we have developed systems of reciprocal control over amygdala activity-exercised, in particular, by fronto-cortical circuits involving the ventromedial prefrontal cortex, the anterior cingulate cortex and the insular cortex (Critchley et al. 2004) . Uniquely among all other species, we are able to control this complex 'survival system'-and we do so by means of a variety of inhibitory pathways, linked with memory and language centres of considerable complexity. Possibly owing to their relatively recent evolutionary origins, the inhibitory systems are liable to dysfunction-and when they are dysfunctional, one possible outcome is a negative impact on quintessentially human traits of social cognition.
